Background {#Sec1}
==========

Flavonols are the most abundant and widely distributed flavonoids in nature \[[@CR1]\]. Flavonols display a wide range of biological activity, such as antioxidative effects \[[@CR2]--[@CR6]\], anti-cancer activities \[[@CR7]--[@CR9]\], anti-inflammatory properties \[[@CR10]--[@CR12]\], and antidiabetic actions \[[@CR13]--[@CR15]\]. The diverse activities make flavonols promising molecules for drug development and the biosynthesis of flavonols is thus attracting increasing attention from researchers \[[@CR16]--[@CR19]\]. The biosynthesis of flavonols starting from flavanones includes two steps (Fig. [1](#Fig1){ref-type="fig"}). First, flavanones are hydroxylated by flavanone 3-hydroxylase (F3H) to yield dihydroflavonols, which might be converted subsequently to flavonols by the introduction of a double bond between C-2 and C-3 through the action of a flavonol synthase (FLS), a non-heme ferrous enzyme that belongs to a family of 2-oxoglutarate-dependent dioxygenase (2-ODD). Alternatively, dihydroflavonols might be reduced to leucoanthocyanidins by dihydroflavonol 4-reductase (DFR) en route to the formation of catechins and anthocyanidins (Fig. [1](#Fig1){ref-type="fig"}). Thus, FLSs are located at the bifurcation branches, diverting metabolic flux to flavonols. Besides FLS activity, flavonol synthases exhibit F3H activity, accepting flavanones as substrates \[[@CR18]\]. FLSs are therefore regarded as flavonoid 2-ODDs with broad substrate specificity and represent the key structural proteins in the biosynthesis of flavonols (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Biosynthetic pathways catalysed by flavonol synthases. *F3H* flavanone 3-hydroxylase, *FLS* flavonol synthase, *DFR* dihydroflavonol 4-reductase, *ANS* anthocyanidin synthase, *LAR* leucoanthocyanidin reductase

FLS was first identified in parsley suspension cultures by Britsch et al. \[[@CR20]\] as a dioxygenase enzyme. Subsequently, FLS was demonstrated to be widespread in various species, such as *Petroselinum hortense* Hoffm. \[[@CR20]\], *Litchi chinensis* \[[@CR21]\], *Cyclamen purpurascens* \[[@CR22]\], among others. Because of their vital role in flavonol biosynthesis, FLS genes were introduced into varied microbes to construct engineered cells for green preparation of flavonols \[[@CR23]--[@CR31]\]. However, the actual output of target flavonols in these engineered strains is insufficient for industrial production. One strategy to increase the flavonol yield in these cell factories lies in the application of flavonol synthases with higher catalytic activity. Thus, isolation of new FLS genes from different organisms, such as *Ornithogalum caudatum*, is an effective way to identify superior candidates with better catalytic activity.

*Ornithogalum caudatum* is a medicinal plant rich in flavonols and their glycosides, such as quercetin, kaempferol, isorhamnetin, quercetin 3-*O*-β-D-glucopyranoside, kaempferol 3-*O*-β-D-glucopyranoside, rutin, and kaempferol 3-*O*-β-rutinoside \[[@CR32]\], suggesting that this species contains genes encoding flavonol synthase. Therefore, this plant was chosen as the starting material for FLS gene isolation. Herein, a transcriptome-wide mining and functional characterisation of a flavonol synthase gene family from *O. caudatum* are reported. Specifically, a small FLS gene family containing two members was isolated from *O. caudatum*. An in vitro enzymatic assay indicated the two FLS enzymes were able to convert dihydroflavonols to flavonols in an iron-dependent fashion. In addition, the two enzymes exerted F3H action, catalysing flavanones to form dihydroflavonols without the absolute requirement of ferrous iron. However, the presence of sufficient Fe^2+^ lead to efficient biotransformation of flavonols from flavanones. The expression profiles of the two genes in the plant revealed that their expression was regulated by developmental and environmental conditions. These findings deepen our understanding of flavonol synthase, thereby broadening its application.

Results {#Sec2}
=======

In silico identification of unigenes coding for FLS {#Sec3}
---------------------------------------------------

After functional annotation, four unigenes, namely unigenes 61,710, 27,929, 76,508, and 101,341, showing high sequence similarity with flavonol synthase were retrieved from RNA-seq data (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Unigene 61,710 was 1280 bp long and contained an ORF of 1008 bp (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). In addition, this unigene contained a 5′-untranslated region (5′-UTR) of 81 bp and a 3′-UTR of 191 bp (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). The other three unigenes, namely unigene 27,929, 76,508, and 101,341, were 878, 246, and 298 bp, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). None of the unigenes contained a full-length ORF. Sequence alignments revealed that unigene 27,929, 76,508, and 101,341 displayed sequence identities with 5′-end, 3′-end and middle portion of the *FLS* gene, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Unigene 27,929 contained a 5′-UTR of 52 bp and a 5′-region of ORF with 826 bp. Unigene 76,508 had a region of 188 bp, 3′-end of an ORF, and a 3′-UTR of 66 bp. Unigene 101,341 was 298 bp long and spanned nucleotide 613 to 910 of the *FLS* gene. Moreover, unigenes 27,929 and 101,341, as well as unigenes 76,508 and 101,341, were observed to have sequence overlaps, suggesting the three unigenes might be located in the same sequence (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). These unigenes were thus assembled into a longer unigene with 1126 bp, including a 5′-UTR of 52 bp, an ORF of 1008 bp, and a 3′-UTR of 66 bp (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). The data indicated there was a small gene family containing at least two members in the *O. caudatum* genome, one member corresponded to unigene 61,710, whereas the other *FLS* gene consisted of unigenes 27,929, 76,508, and 101,341. Therefore, these two FLS-like unigenes were selected for further investigation.

cDNA sequence isolation and analyses {#Sec4}
------------------------------------

To determine the identity of these unigenes, nested PCRs were performed to isolate the corresponding cDNAs using *O. caudatum* cDNA as the template. Using unigene 61,710-specific primers (Additional file [12](#MOESM12){ref-type="media"}: Table S1), this PCR-based approach resulted in the amplification of a 1008 bp cDNA fragment designated as OcFLS1 (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). Moreover, another PCR fragment termed OcFLS2 was isolated from *O. caudatum* cDNA by a combinational use of a forward primer corresponding to unigene 27,929 and reverse primers specific to unigene 76,508 (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). OcFLS1 and OcFLS2 were then cloned into pEASY-Blunt, thereby forming two recombinant plasmids pEASY-OcFLS1 and pEASY-OcFLS2 for sequencing (Additional file [12](#MOESM12){ref-type="media"}: Table S2). DNA sequence alignment with software Blast N showed OcFLS1 had 99% identity to unigene 61,710. Additionally, as we had expected, OcFLS2 consisted of unigene 27,929, 76,508, and 101,341 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). This evidence indicated that OcFLS1 and OcFLS2 were bona fide genes in the *O. caudatum* genome. The two sequences were thus submitted to GenBank with accession numbers MH748569 (OcFLS1) and MH748570 (OcFLS2).

OcFLS1 contained an ORF of 1008 bp encoding a protein with 335 amino acids (aa) with a predicted molecular weight of 37.835 kDa and isoelectric point (pI) of 5.57. The full-length ORF of OcFLS2 was also 1008 bp in length. The molecular mass and theoretical pI of OcFLS2 were calculated using the Compute pI/Mw tool (<https://web.expasy.org/compute_pi/>) as 37.643 kDa and 5.38, respectively. The amino acid sequence encoded by OcFLS1 showed 94% identity to that of OcFLS2.

The TMHMM server predicted that no transmembrane helices were found in OcFLS1 or OcFLS2 (<http://www.cbs.dtu.dk/services/TMHMM/#opennewwindow>). The two OcFLS proteins showed highly similarity to previously reported FLSs from other plants, such as CpurFLS1(BBA27023.1) and CpurFLS2(BBA024.1) from *Cyclamen purpurascens* \[[@CR22]\], AcFLS (AFA55179.1) from *Acacia confuse* \[[@CR33]\], FtFLS1(AEC33116.1) from *Fagopyrum tataricum* \[[@CR34]\], as well as AtFLS1(NP_196481.1) and AtFLS3(NP_201164.1) from *Arabidopsis thaliana* \[[@CR35]\]. The multiple sequence alignment indicated that both of the two proteins possessed the highly conserved ferrous iron binding motif HXDX~53~H (in these motifs X represents any amino acid) and the 2-oxoglutarate binding motif RXS, indicating that both belonged to 2-ODDs (Additional file [3](#MOESM3){ref-type="media"}: Figure S3).

A total of 36 flavonoid 2-ODDs were used for phylogenetic analysis (Additional file [4](#MOESM4){ref-type="media"}: Figure S4). These 2-ODD sequences were clustered into four distinct clades, namely FSI, F3H, ANS, and FLS. The members in the FSI, F3H, ANS, and FLS clades were sequences coding for flavone synthase I (FSI), flavanone 3-hydroxylase, anthocyanidin synthase (ANS), and flavonol synthase. OcFLS1 and OcFLS2 were clustered in the FLS-related clade with other FLSs. Both showed the closest relationship with FLS proteins from *Allium cepa* (Additional file [4](#MOESM4){ref-type="media"}: Figure S4), which correlates with their closer botanical relationship within the monocot taxa.

Heterologous expression and protein purification {#Sec5}
------------------------------------------------

OcFLS1 and OcFLS2 were subcloned into pET-28a (+) to yield two recombinant constructs pET28a-OcFLS1 and pET28a-OcFLS2 (Additional file [12](#MOESM12){ref-type="media"}: Table S2), which were then transformed into *E. coli Trans*etta (DE3) for heterologous expression. The soluble expressions of OcFLS1 and OcFLS2 in *Trans*etta (DE3) were verified using SDS-PAGE. As illustrated in Fig. [2](#Fig2){ref-type="fig"}, an intense band representing OcFLS1 was present in the total extract of *Trans*etta (DE3)\[pET28a-OcFLS1\]. Conversely, no corresponding band was detected in the same position of the control strain *Trans*etta (DE3) \[pET-28a (+)\], suggesting OcFLS1 was successfully expressed in *E. coli* in a soluble form. Likewise, the soluble expression of OcFLS2 was observable in SDS-PAGE analysis (Fig. [2](#Fig2){ref-type="fig"}). The two recombinant proteins were then purified to near homogeneity and the resulting purified proteins were quantified as 32.729 (OcFLS1) and 80.25 mg/ml (OcFLS2) (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2SDS-PAGE analyses of the recombinant OcFLS1 (**a**) and OcFLS2 (**b**). Lane 1, the crude extract expressing the recombinant OcFLS1 (**a**) and OcFLS2 (**b**). Lane 2, the crude extract expressing no recombinant OcFLS1 (**a**) and OcFLS2 (**b**); Lane 3, the purified recombinant OcFLS1 (**a**) and OcFLS2 (**b**);Lane M, the migration of standard protein markers is shown with kDa on the left-hand side of the gel

Flavonol synthase activity of OcFLSs {#Sec6}
------------------------------------

Although OcFLS1 and OcFLS2 were grouped in the flavonol synthase family, comprehensive biochemical characterisation is required because of the high sequence identity between flavonoid-related dioxygenases \[[@CR36], [@CR37]\]. Without a special explanation, the biocatalyst used in this study was purified enzymes. To test the FLS activity of OcFLS1, dihydrokaempferol (**1a**) was used as the substrate for the purified OcFLS1 in the presence of α-ketoglutaric acid, ferrous sulphate, and ascorbic acid. After incubation at 20 °C for 2 h, a new peak with a retention time (Rt) of 18.4 min was present in the reaction mixture (Fig. [3](#Fig3){ref-type="fig"}a). This peak displayed the same UV spectrum as that of the authentic standard kaempferol (**1b**), suggesting this new product had a similar structure to that of kaempferol (**1b**) (Fig. [3](#Fig3){ref-type="fig"}b). Further MS spectrum (\[M-H\]^−^ ion at *m/z* 285.02060) (Fig. [3](#Fig3){ref-type="fig"}c) and co-elution with standard kaempferol (**1b**) (Fig. [3](#Fig3){ref-type="fig"}a) confirmed that the new metabolite was kaempferol (**1b**).Fig. 3The bioconversion of kaempferol (**1b**) from dihydrokaempferol (**1a**) catalysed by OcFLS1 (**a**-**c**) or OcFLS2 (**d**-**f**). **a**, **d**: HPLC chromatogram of the reaction product of dihydrokaempferol (**1a**) with OcFLS1 (**a**) and OcFLS2 (**d**). **a**, co-elution of the reaction product with authentic kaempferol (**1b**). **b**, the reaction product of dihydrokaempferol (**1a**) with purified protein. **c**, the reaction product of dihydrokaempferol (**1a**) without purified protein. **b**, **e**: UV spectrum of reaction product **1b** (blue line) and authentic kaempferol (red line). **c**, **f**: MS spectrum of reaction product **1b** produced by OcFLS1 (**c**) and OcFLS2 (**f**)

Besides dihydrokaempferol (**1a**), other dihydroflavonols, like pinobanksin (**2a**) (Additional file [5](#MOESM5){ref-type="media"}: Figure S5), dihydroquercetin (**3a**) (Additional file [6](#MOESM6){ref-type="media"}: Figure S6), and 3′-*O*-methyltaxifolin (**4a**) (Additional file [7](#MOESM7){ref-type="media"}: Figure S7), could be oxidised by OcFLS1, thereby generating corresponding flavonols \[galangin (**2b**), quercetin (**3b**), and isorhamnetin (**4b**)\]. However, OcFLS1 had no activity towards other compounds, **5**--**15,** listed in Additional file [8](#MOESM8){ref-type="media"}: Figure S8. Similar observations were made for OcFLS2 (Fig. [3](#Fig3){ref-type="fig"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S5 Additional file [6](#MOESM6){ref-type="media"}: Figure S6 Additional file [7](#MOESM7){ref-type="media"}: Figure S7). These data collectively indicated that both enzymes were flavonol synthases, specific for dihydroflavonols.

The effect of temperature on FLS activity on these two enzymes was similar (Fig. [4](#Fig4){ref-type="fig"}). Both enzymes exhibited optimal activity at approximately 20 °C (Fig. [4](#Fig4){ref-type="fig"}). The two enzymes were cold-tolerant, both maintaining at least 60% activity at 0 °C. However, the two enzymes were completely inactivated at 50 °C (Fig. [4](#Fig4){ref-type="fig"}). The pH profiles towards FLS activity of the two enzymes were differentially displayed (Fig. [4](#Fig4){ref-type="fig"}). The two proteins displayed optimal FLS activity at pH 6.0. When the pH exceeded 6.0, the FLS activity of OcFLS1 decreased slightly (Fig. [4](#Fig4){ref-type="fig"}). When pH was 9.0, OcFLS1 retained approximately 80% activity (Fig. [4](#Fig4){ref-type="fig"}). As pH continued to rise, the OcFLS1 activity decreased significantly. When pH reached 11.0, the residual activity of OcFLS1 was approximately 10% (Fig. [4](#Fig4){ref-type="fig"}). Conversely, when pH was over 6.0, the FLS activity of OcFLS2 decreased remarkably (Fig. [4](#Fig4){ref-type="fig"}). When pH was 10.0, OcFLS2 completely lost its FLS activity (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4The effects of temperature (**a**-**d**) and pH (**e**-**h**) on the enzymatic activities. **a**, **c**, the effect of temperature on FLS (**a**) and F3H activities (**c**) of OcFLS1; **b**, **d**, the effect of temperature on FLS (**b**) and F3H activities (**d**) of OcFLS2; **e**, **g**, the effect of pH on FLS (**e**) and F3H activities (**g**) of OcFLS1; **f**, **h**, the effect of pH on FLS (**f**) and F3H activities (**h**) of OcFLS2. The data are presented as means ± standard deviation values of three biological replicates

Cofactor-dependencies of FLS activity of the two enzymes were investigated using dihydrokaempferol (**1a**) as the substrate (Fig. [5](#Fig5){ref-type="fig"}). The omission of Fe^2+^ and (or) 2-oxoglutaric acid resulted in the complete loss of FLS activity of the two enzymes, suggesting Fe^2+^ and (or) 2-oxoglutaric acid were required for the activity of both FLS (Fig. [5](#Fig5){ref-type="fig"}-a and -b). The omission of L-ascorbic acid did not result in a significant reduction in the activity of OcFLS1 and OcFLS2 (Fig. [5](#Fig5){ref-type="fig"}-a and -b). The cofactor-dependence of the two OcFLS proteins was somewhat different from that of flavonol synthase from poplars (PFLS). When reaction mixtures contained no 2-oxoglutaric acid and (or) L-ascorbic acid, PFLS activity was completely abolished. Conversely, PFLS retained 35% activity in the absence of Fe^2+^, indicating that Fe^2+^ was not absolutely required for PFLS activity \[[@CR26]\].Fig. 5The cofactor-dependences of OcFLS1 (**a**, **c**) and OcFLS2 (**b**, **d**). **a**, **c**, the influence of cofactors on FLS (**a**) or F3H activity (**c**) of OcFLS1; **b**, **d**, the influence of cofactors on FLS (**b**) or F3H activity (**d**) of OcFLS2

The effect of metal ions and chelating agents on FLS activity of the two enzymes was conducted in optimal pH and temperature. The inhibitory effect of these metal ions towards FLS activity of the two enzymes was observable (Fig. [6](#Fig6){ref-type="fig"}). Of these tested metal ions, Cu^2+^ displayed the most potent inhibitory effect on the two enzymes, both approaching 0 (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6The effect of metal ions and chelating agents on activities of OcFLS1 and OcFLS2. **a**, **d**, The effect of metal ions and chelating agents on FLS activity of OcFLS1 (**a**) and OcFLS2 (**d**) in the presence of Fe^2+^. **b**, **e**, The effect of metal ions and chelating agents on F3H activity of OcFLS1 (**b**) and OcFLS2 (**e**) in the presence of Fe^2+^. The enzymatic activities in buffers containing only Fe^2+^ were set to 100%. **c**, **f**, The effect of metal ions and chelating agents on F3H activity of OcFLS1 (**c**) and OcFLS2 (**f**) in the absence of Fe^2+^. The enzymatic activities in buffers without any metal ions were set to 100%. The data are presented as means ± standard deviation values of three biological replicates

Kinetic properties of FLS activity of OcFLS1 and OcFLS2 towards dihydrokaempferol (**1a**) were further examined at optimal pH and temperature. The apparent *K*~m~ and V~max~ for dihydrokaempferol (**1a**) calculated from Lineweaver-Burk plots are summarised in Table [1](#Tab1){ref-type="table"}.Table 1Kinetic parameters of OcFLS1 and OcFLS2OcFLS1OcFLS2FLS activityF3H activityFLS activityF3H activity*K*~m~ (μM)471.3 ± 17937.57 ± 6.316525.7 ± 198.4110.5 ± 20.86V~max~ (μM/h)771.3 ± 172.7123.1 ± 5.549903.9 ± 206.8349 ± 24.42

Flavanone 3-hydroxylase activity of OcFLSs {#Sec7}
------------------------------------------

Flavonol synthase was demonstrated to be a bifunctional dioxygenase, either converting dihydroflavonols to flavonols or catalysing the 3-hydroxylation of flavanones to dihydroflavonols \[[@CR18]\]. Hence, the flavanone 3-hydroxylase activity of OcFLS1 and OcFLS2 was also investigated. (*S*)-naringenin (**1**) was selected as a representative flavanone to react with recombinant OcFLS proteins. As shown in Fig. [7](#Fig7){ref-type="fig"}, after incubation of (*S*)-naringenin (**1**) with OcFLS1, a new peak was detected in the reaction mixture. The newly formed product displayed a similar UV spectrum as dihydrokaempferol (**1a**), suggesting it shared a similar skeleton structure with dihydrokaempferol (**1a**). Moreover, the newly formed compound showed a \[M-H\]^−^ peak at *m/z* 287.04044, indicating that it was a monohydroxylated product of (*S*)-naringenin (**1**). Further co-elution of this new metabolite with standard dihydrokaempferol (**1a**) confirmed the newly formed compound was dihydrokaempferol (**1a**) (Fig. [7](#Fig7){ref-type="fig"}). Likewise, OcFLS2 could catalyse (*S*)-naringenin (**1**) to form dihydrokaempferol (**1a**) (Fig. [7](#Fig7){ref-type="fig"}). Also, these two enzymes were demonstrated to catalyse 3β-hydroxylation towards (*S*)-pinocembrin (**2**), (*S*)-eriodictyol (**3**), and (*S*)-homoeriodictyol (**4**), thereby forming their respective dihydroflavonol products pinobanksin (**2a**) (Additional file [9](#MOESM9){ref-type="media"}: Figure S9), dihydroquercetin (**3a**) (Additional file [10](#MOESM10){ref-type="media"}: Figure S10), and 3′-*O*-methyltaxifolin (**4a**) (Additional file [11](#MOESM11){ref-type="media"}: Figure S11), respectively. These data indicated both OcFLS1 and OcFLS2 had F3H activity.Fig. 7The conversion from (*S*)-naringenin (**1**) to dihydrokaempferol (**1a**) catalysed by OcFLS1 (**a**-**c**) and OcFLS2 (**d**-**f**) in the presence of Fe^2+^. **a**, **d**: HPLC chromatogram of the reaction product of (*S*)-naringenin (**1**) with OcFLS1 (**a**) and OcFLS2 (**d**). **a**, co-elution of the reaction product with authentic dihydrokaempferol (**1a**). **b**, the reaction product of (*S*)-naringenin (**1**) with the purified protein. **c**, the reaction product of (*S*)-naringenin (**1**) without the purified protein. **b**, **e**: UV spectrum of reaction product **1a** (blue line) and authentic dihydrokaempferol (red line). **c**, **f**: MS spectrum of reaction product **1a** produced by OcFLS1 (**c**) and OcFLS2 (**f**)

The effect of temperature upon F3H activity of these two enzymes was similar. As illustrated in Fig. [4](#Fig4){ref-type="fig"}, both OcFLSs displayed wide temperature tolerance and showed optimal activities at 20 °C. When the temperature dropped to 4 °C, the F3H activity of both enzymes was still high, approaching 90%. However, when the temperature was higher than 20 °C, the F3H activity of the two enzymes decreased dramatically. When the temperature reached 60 °C, the residual F3H activity of the two enzymes was less than 20%. Both of the enzymes showed optimal F3H activity at an acidic pH of 6.0 (Fig. [4](#Fig4){ref-type="fig"}), which is lower than values reported for F3H enzymes from *Petunia hybrida* \[[@CR38]\], *Arabidopsis* \[[@CR39]\], and *Artemisia annua* L \[[@CR40]\]. As shown in Fig. [4](#Fig4){ref-type="fig"}, the F3H activities of OcFLS1 and OcFLS2 declined steeply when the pH exceeded 6.0.

The dependencies of cofactors 2-oxoglutaric acid, Fe^2+^, and L-ascorbic acid on F3H activity of OcFLSs were also investigated with purified enzymes (Fig. [5](#Fig5){ref-type="fig"}). The omission of 2-oxoglutaric acid resulted in almost complete loss of activity for both of the OcFLS enzymes (Figs. [5](#Fig5){ref-type="fig"}-c and -d). However, when L-ascorbic acid or Fe^2+^ was not present in the reaction mixture, the F3H activity of the two proteins did not disappear completely, but decreased slightly, suggesting L-ascorbic acid or Fe^2+^ was not absolutely necessary for the F3H activity of OcFLS1 and OcFLS2 (Fig. [5](#Fig5){ref-type="fig"}-c and -d). The L-ascorbic acid- and Fe^2+^-independent property of the two FLS enzymes was inconsistent with that of the single F3H enzymes reported previously, which were deemed L-ascorbic acid- and Fe^2+^-dependent oxygenases \[[@CR38], [@CR40], [@CR41]\].

Considering that Fe^2+^ is not required for F3H activity, the influence of metal ions and chelating agents on F3H activity of the two enzymes was determined in the reaction systems with or without Fe^2+^ (Fig. [6](#Fig6){ref-type="fig"}). When the reaction mixtures contained no Fe^2+^, the additions of metal ions and chelating agent resulted in the reduction of F3H activities of OcFLS1 and OcFLS2. When Cu^2+^ was added into the reaction mixture, F3H activity of OcFLS1 and OcFLS2 was almost completely lost. Alternatively, in the buffer containing iron ions, the effects of metal ions on these two proteins were different. When Mn^2+^, Co^2+^, Zn^2+^, EDTA-2Na, or Cu^2+^ was added to the buffer containing Fe^2+^, the F3H activity of OcFLS1 and OcFLS2 was inhibited to varying degrees. Moreover, Mg^2+^ and Ca^2+^ had a slight inhibitory effect on F3H activity of OcFLS2. Conversely, these two metal ions displayed stimulating effects on F3H activity of OcFLS1 in the presence of Fe^2+^ (Fig. [6](#Fig6){ref-type="fig"}).

The *K*~m~ and V~max~ values of OcFLS1 and OcFLS2 towards (*S*)-naringenin (**1**) was calculated by Lineweaver-Burk plots (Table [1](#Tab1){ref-type="table"}). The apparent Michaelis constants of F3H activity were lower than the corresponding values of FLS activity of OcFLS1 and OcFLS2, suggesting the affinity of the two flavonol synthases to (*S*)-naringenin (**1**) was stronger than to dihydrokaempferol (**1a**).

Fe^2+^ is conducive to the bioconversion of flavanones to flavonols {#Sec8}
-------------------------------------------------------------------

OcFLS1 and OcFLS2 were demonstrated to be bifunctional enzymes, either catalysing dihydroflavonols to flavonols or performing the conversion of flavanones to dihydroflavonols. Thus, under the action of OcFLS1 or OcFLS2, flavanones could be converted to flavonols by two successive reactions (Fig. [1](#Fig1){ref-type="fig"}). However, only a small amount or no flavonols were detected in OcFLS1- or OcFLS2-catalysed transformations of flavanones (Fig. [7](#Fig7){ref-type="fig"} and Additional file [9](#MOESM9){ref-type="media"}: Figure S9 Additional file [10](#MOESM10){ref-type="media"}: Figure S10 Additional file [11](#MOESM11){ref-type="media"}: Figure S11). As shown in Fig. [7](#Fig7){ref-type="fig"}, OcFLS1 catalysed (*S*)-naringenin (**1**) to form dihydrokaempferol (**1a**) but did not further catalyse dihydrokaempferol (**1a**) to generate kaempferol (**1b**) (Fig. [7](#Fig7){ref-type="fig"}a). In the reaction containing OcFLS2 and (*S*)-naringenin (**1**), although both **1a** and **1b** were detected, the yield of **1b** was relatively low (Fig. [7](#Fig7){ref-type="fig"}d). The catalytic effects of OcFLS1 and OcFLS2 on (*S*)-naringenin (**1**) and other flavanones showed that OcFLSs could not catalyse the formation of corresponding flavonols from flavanones as effectively as conceived. This inconsistency was likely related to a decrease in Fe^2+^ in the reaction mixture. When Fe^2+^ was added to the solution, it would react with oxygen in the air to form Fe^3+^, resulting in a decrease of Fe^2+^. Fe^2+^ is not absolutely required for the F3H activity of OcFLSs, and the reduction of Fe^2+^ therefore did not substantially affect F3H activity. Thus, a certain proportion of flavanones are converted to form dihydroflavonols (Fig. [7](#Fig7){ref-type="fig"} and Additional file [9](#MOESM9){ref-type="media"}: Figure S9 Additional file [10](#MOESM10){ref-type="media"}: Figure S10 Additional file [11](#MOESM11){ref-type="media"}: Figure S11). Conversely, Fe^2+^ is absolutely required for the FLS activity of OcFLSs, and the decrease in Fe^2+^ would therefore lead to the reduction of the FLS activity of OcFLSs, in turn resulting in a low or undetectable amount of flavonols in the reaction mixture (Fig. [7](#Fig7){ref-type="fig"} and Additional file [9](#MOESM9){ref-type="media"}: Figure S9 Additional file [10](#MOESM10){ref-type="media"}: Figure S10 Additional file [11](#MOESM11){ref-type="media"}: Figure S11). To test this speculation, OcFLS1- and OcFLS2-catalysed bioconversion of (*S*)-naringenin (**1**) were examined. The reaction mixtures were supplemented with 5 μl ferrous sulphate (20 mM) after 2 h of incubation at 20 °C and were then allowed to continue to incubate for an additional 2 h. The results showed that the yield of **1b** in the reaction mixtures supplemented with ferrous sulphate was significantly higher that of the control, indicating that Fe^2+^ played an important role in the continuous catalysis of OcFLSs (Fig. [8](#Fig8){ref-type="fig"}). Moreover, prolonging the reaction time from 2 h to 4 h could increase the yield of **1b** (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8OcFLS1- (**a**) and OcFLS2-catalysed bioconversion (**b**) of (*S*)-naringenin (**1**) to form dihydrokaempferol (**1a**) and kaempferol (**1b**). **a**, the reaction was conducted for 4 h and was supplemented with ferrous sulphate at 2 h. **b**, the reaction was conducted for 4 h and was not supplemented with ferrous sulphate. **c**, the reaction was conducted for 2 h and was not supplemented with ferrous sulphate

Expression profiles of OcFLS1 and OcFLS2 in various tissues {#Sec9}
-----------------------------------------------------------

The expression profiles of OcFLS1 and OcFLS2 in *O. caudatum* were investigated by qRT-PCR analyses. As illustrated in Fig. [9](#Fig9){ref-type="fig"}, OcFLS1 and OcFLS2 were expressed in leaves, bulbs, and flowers. The highest expression levels of OcFLS1 and OcFLS2 were observable in leaves, followed by that in bulbs (Fig. [9](#Fig9){ref-type="fig"}). OcFLS1 and OcFLS2 showed the lowest expression level in flowers. Conversely, the two proteins were hardly expressed in roots, bulblets, and sterile bulbs (Fig. [9](#Fig9){ref-type="fig"}). Bulblets are young bulbs. The differential expression levels of OcFLS1 and OcFLS2 in bulblets and bulbs indicated that their expression was developmentally regulated. The sterile bulbs were bulbs cultivated in sterile and dark conditions. After successive subcultures, these sterile bulbs turned into white bulbs. The varied expression levels of OcFLS and OcFLS2 in bulbs and sterile bulbs revealed that their expression was regulated by environmental conditions. Cumulatively, the expression of these two OcFLS genes was regulated by developmental and environmental conditions.Fig. 9Relative transcript levels of OcFLS family members (**a**, OcFLS1; **b**, OcFLS2) in various tissues of *O. caudatum*, including flowers, leaves, bulbs, bulblets, roots, and sterile bulbs. The transcript level of each gene in flowers was defined as 1, and the relative expression in other tissues was calculated by means of 2^-∆∆CT^. Each value is the mean ± SD of three determinations

Discussion {#Sec10}
==========

*O. caudatum* is a medicinal plant \[[@CR42]--[@CR46]\]. Several active flavonols have been detected in this species \[[@CR32]\]. However, the mining of enzymes related to flavonol biosynthesis is relatively poorly implemented. In this investigation, an FLS gene family containing two members were first isolated from *O. caudatum* based on transcriptome mining and then was functionally characterised by in vitro experiments. Data revealed the two flavonol synthases, OcFLS1 and OcFLS2, were not just capable of catalysing dihydroflavonols to form flavonols, but also could mediate the oxidation of flavanones to corresponding dihydroflavonols, an activity normally associated with an F3H enzyme. Flavonol synthase is the key controller of flavonol biosynthesis. Hence, the successful cloning and functional identification of OcFLS1 and OcFLS2 are conducive to pathway resolution of flavonol biosynthesis in *O. caudatum*.

In addition, detailed biochemical analyses of OcFLS1 and OcFLS2 are required to facilitate their application as genes used for the pathway reconstruction of flavonol biosynthesis in engineered strains. Flavonols are important sources of innovative drugs \[[@CR1]\]. Preparation of flavonols is also faced with problems, such as cumbersome extraction and difficult synthesis. Therefore, our team has been devoted to the synthesis of flavonols by synthetic biological technology; that is, reconstructing biosynthetic pathways of flavonol biosynthesis in microorganisms such as *E. coli* and *Saccharomyces cerevisiae*, by introducing genes related to flavonol biosynthesis into these strains. These pathway enzymes need to be described in detail before they can be used as genetic elements for pathway reconstruction. Although bioinformatic tools can predict gene function quickly, this prediction is not particularly accurate. Owens et al. identified five candidate genes showing high similarity to flavonol synthase. However, only one FLS-like gene was demonstrated to encode a catalytically competent protein \[[@CR47]\]. These data indicated that detailed biochemical study was required for the exact activity of flavonol synthase. Therefore, we performed a functional identification for OcFLS1 and OcFLS2. Obviously, these data have deepened our understanding of flavonol synthase and laid a solid foundation for the application of these two flavonol synthase genes in synthetic biology.

Flavonol synthase is a bifunctional dioxygenase, displaying both F3H-like and FLS activities \[[@CR18], [@CR48]\]. This bifunction makes flavonol synthase more widely used in synthetic biology. In the construction of engineering cells, only one *FLS* gene is needed to achieve the conversion from flavanones to flavonols, without introducing both *F3H* and *FLS* genes. With fewer foreign gene introductions, the metabolic burden of microorganisms is lower, which is conducive to the growth of engineered strains. Thus, it is necessary to thoroughly investigate the two activities of FLS. However, since the first discovery of bifunctional flavonol synthase \[[@CR18], [@CR48]\], there have been few comprehensive investigations on the bifunctional activity of flavonol synthase. Herein, we conducted thorough research on F3H-like and FLS activities of OcFLS1 and OcFLS2 and some interesting results were discovered. First, F3H-like and FLS activities of OcFLS1 and OcFLS2 were observed to respond differentially to Fe^2+^. Previous reports suggested that flavonol synthase is a Fe^2+^-dependent dioxygenase \[[@CR18], [@CR48], [@CR49]\]. In fact, flavonol synthase requires Fe^2+^ only when it performs the FLS activity, but not absolutely when it carries out the F3H-like activity. In addition, we revealed that sufficient Fe^2+^ was necessary for the continuous catalysis of flavonols from flavanones. This result suggests that it is necessary to maintain sufficient Fe^2+^ in engineering cells for the conversion of flavonols from flavanones when constructing engineering cell factories.

In addition, the effects of metal ions and EDTA-2Na on the enzymatic activities of OcFLS1 and OcFLS2 were investigated in this study (Fig. [6](#Fig6){ref-type="fig"}). As shown in Fig. [6](#Fig6){ref-type="fig"}-c and -f, when other metal ions were added into the mixture without Fe^2+^, the F3H activity of OcFLS1 and OcFLS2 decreased. This may be caused by the complexation of these metal ions (1 mM) with flavonoids (0.5 mM) in the reaction mixture, which changes the structure of flavonoids and prevents the substrate from entering the reaction centre of the enzyme. When EDTA-2Na was added into the reaction mixture, the pH value of the reaction mixture decreased, thereby leading to a decline of F3H activity (Fig. [6](#Fig6){ref-type="fig"}-c and -f). If Fe^2+^ was added to the reaction mixture containing these metal ions or EDTA-2Na, ferrous iron could bind to enzymes as a common cofactor for activity improvement of the OcFLSs. Therefore, the enzymatic activity in the reaction solution harbouring Fe^2+^ is more than that in the reaction mixture without Fe^2+^, although the overall activity was still inhibited (Fig. [6](#Fig6){ref-type="fig"}-b and -e). In addition, because EDTA-2Na can chelate Fe^2+^, the introduction of EDTA-2Na into the reaction solution with Fe^2+^ can cause the decrease of F3H activity. Likewise, the addition of other metal ions and EDTA-2Na to the reaction solution containing Fe^2+^ also lead to a decrease in FLS activity of both enzymes (Fig. [6](#Fig6){ref-type="fig"}-a and -d).

Conclusions {#Sec11}
===========

OcFLS1 and OcFLS2 were isolated from *O. caudatum* based on transcriptome mining and demonstrated to be bifunctional flavonol synthases, either converting dihydroflavonols to flavonols or catalysing 3-hydroxylation of flavanones to dihydroflavonols. Unlike the single F3H enzymes reported previously, which were deemed L-ascorbic acid- and Fe^2+^-dependent dioxygenases, OcFLS1 and OcFLS2 were determined to be L-ascorbic acid- and Fe^2+^-independent. In addition, sufficient Fe^2+^ was determined to be necessary for the continuous catalysis of flavonols from flavanones. The qRT-PCR analysis revealed their expression was regulated by developmental and environmental conditions.

Methods {#Sec12}
=======

Chemicals {#Sec13}
---------

The substrates listed in Additional file [8](#MOESM8){ref-type="media"}: Figure S8 are purchased from BioBioPha Co. Ltd. (Kunming, China) and Push Bio-Technology (Chengdu, China). Four flavanone substrates **1**--**4** were (2*S*)-enantiomers. The other chemicals were either reagent or analytic grade when available.

Transcriptome-wide mining of unigenes coding for FLS {#Sec14}
----------------------------------------------------

The transcriptome sequencing of *O. caudatum* was performed in our laboratory \[[@CR46]\]. The resultant unigenes were aligned by Blast X to protein databases, including nr, Swiss-Prot, KEGG, and COG, thereby retrieving unigene encoding proteins showing the highest sequence similarity with flavonol synthase.

Isolation of full-length FLS cDNAs and bioinformatic analyses of sequences {#Sec15}
--------------------------------------------------------------------------

Whole plants of *O. caudatum* were cultivated in pots in our laboratory. The extraction and purification of total RNA of *O. caudatum* and subsequent cDNA synthesis were performed routinely \[[@CR43]\]. The resulting cDNA was applied as the template to isolate sequences encoding FLS using unigene-specific primers (Additional file [12](#MOESM12){ref-type="media"}: Table S1) \[[@CR45]\]. The amplified open reading frame (ORF) sequences of *OcFLS* genes were inserted into pEASY-Blunt (TransGen Co. Ltd., Beijing, China) to create recombinant constructs for sequencing (Additional file [12](#MOESM12){ref-type="media"}: Table S2). The obtained *OcFLS* sequences were analysed using online bioinformatic tools as previously described \[[@CR50]\].

Heterologous expression and protein purification {#Sec16}
------------------------------------------------

The full-length ORFs of *OcFLS* genes were amplified from their corresponding pEASY-Blunt derived plasmids and then inserted into *Eco*R I and *Hind* III sites of pET-28a (+) (Novagen, Madison, USA) using the ClonExpress II kit according to the manufacturer's instructions (Vazyme, Nanjing, China), respectively. The resultant pET28a-OcFLS2 was transformed into *E. coli Trans*etta (DE3) (TransGen Co. Ltd., Beijing, China) for the recombinant expression. The other plasmid pET28a-OcFLS1 was co-transformed into *E. coli* BL21(DE3) strain with a chaperone plasmid pGro7 (Takara Biotechnology Co., Ltd., Dalian, China) to improve soluble expression as previously reported \[[@CR42], [@CR51]\]. These recombinant cells were cultivated until the optical density at 600 nm (OD~600~) reached 0.6 and was induced at 20 °C overnight by the addition of isopropyl-D-thiogalactopyranoside (IPTG) to reach a final concentration of 0.3 mM. The soluble expressions of *OcFLS* genes in *E. coli* were verified by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Next, the bacterially produced OcFLS proteins were purified and quantified as previously described \[[@CR52], [@CR53]\].

Activity assays for OcFLSs {#Sec17}
--------------------------

The enzymatic reactions were performed in PBS buffer (20 mM, pH 6.0) with a total volume of 200 μl containing α-ketoglutaric acid (1 mM), ferrous sulphate (0.5 mM), ascorbic acid (1 mM), 1 μl purified protein, and a substrate (0.5 mM). Incubations were conducted at 20 °C for 2 h and then stopped by the addition of methanol (100 μl) and acetic acid (10 μl). The mixture was mixed well and the solvent layer was separated by centrifugation at 12000 rpm for 10 min. The resulting solvent was filtrated through a 0.22 μm membrane. A 50 μl aliquot of solvent was analysed by high performance liquid chromatography (HPLC) and liquid chromatography-high resolution mass spectrometry (LC-HRMS).

HPLC and LC-MS analyses {#Sec18}
-----------------------

Reversed-phase HPLC was conducted on an Agilent 1200 HPLC system (Agilent Technologies Co. Ltd., CA, USA) with a SilGreen-C18 column (5 μm particle size, 4.6 × 250 mm; Beijing Greenherbs Science and Technology Development CO., Ltd., Beijing, China). HPLC conditions are summarised in Additional file [12](#MOESM12){ref-type="media"}: Table S3.

LC-MS analyses were conducted using an LC-MS system consisting of an Orbitrap mass spectrometer (Exactive, ThermoFisher Scientific, Inc., Bremen, Germany) coupled with a U-HPLC system (Accela, ThermoFisher Scientific, Inc., Bremen, Germany). The Orbitrap-MS was fitted with an integrated electrospray ionisation (ESI) source operating in negative ion mode. All data were acquired with full MS scan mode ranging from *m/z* 100 to 1000.

Determination of enzymatic properties {#Sec19}
-------------------------------------

The optimal temperature for enzymatic activity was investigated in PBS buffer (pH 6.0) at 4 °C, 20 °C, 30 °C, 37 °C, 42 °C, 50 °C, and 60 °C for 2 h. The dependence of enzymatic activity on pH was examined at 20 °C in HAc-NaAc buffer (pH 4.0--6.0), PBS buffer (pH 6.0--9.0) and Na~2~CO~3~-NaHCO~3~ (pH 9.0--11.0) for 2 h. The effects of cofactors (α-ketoglutaric acid, ferrous sulphate, and ascorbic acid) and metal ions (EDTA-2Na, MnCl~2~, MgCl~2~, CaCl~2~, CoCl~2~, ZnCl~2~, and CuCl~2~) were determined in PBS buffer (pH 6.0) at 20 °C for 2 h. The final concentration of each metal ion is 1 mM. Measurements were made in triplicate.

Kinetic characteristics were tested in optimal pH and temperature using eight different concentrations of the substrate (20 mM, 10 mM, 5 mM, 2.5 mM, 1.25 mM, 0.625 mM, 0.312 mM, and 0.156 mM). The apparent kinetic parameters (*K*~m~ and V~max~) were determined by means of Lineweaver-Burk plots derived from the Michaelis-Menten equation.

qRT-PCR analysis {#Sec20}
----------------

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed to analyse the expression profiles of OcFLS1 and OcFLS2 in diverse tissues including roots, bulbs, leaves, flowers, sterile bulbs, and bulblets \[[@CR44], [@CR50]\]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH2, GenBank accession number KM370884) was used as the internal reference gene. The gene-specific primers are listed in Additional file [12](#MOESM12){ref-type="media"}: Table S1. The detailed procedure was the same as previously described \[[@CR42], [@CR44], [@CR50]\]. The relative quantification of OcFLS expression was calculated using the 2^-ΔΔCt^ method.

Additional files
================

 {#Sec21}

Additional file 1:**Figure S1.** Schematic representation of unigenes showing sequence identity with FLS genes. (DOC 143 kb) Additional file 2:**Figure S2.** Nested-PCR amplification of OcFLS cDNAs. Lane 1, PCR product of OcFLS1 (A) or OcFLS2 (B); Lane M, DNA molecular markers indicated in bp on the left side. (DOC 296 kb) Additional file 3:**Figure S3.** Amino acid sequence alignment of OcFLS1 and OcFLS2 with other FLS proteins. The putative ferrous iron (HXDX53H) and 2-oxoglutarate binding motifs (RXS) are marked with red and blue pentagram, respectively. (DOC 2483 kb) Additional file 4:**Figure S4.** Phylogenetic tree analysis of OcFLS1 and OcFLS2 with other 2-ODD proteins with demonstrated functionality. The phylogenetic tree was constructed using the neighbor-joining method available in the MEGA5.1 program. The numbers indicate bootstrap values (10,000 replicates). (DOC 188 kb) Additional file 5:**Figure S5.** The conversion from pinobanksin (**2a**) to galangin (**2b**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of pinobanksin (**2a**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of pinobanksin (**2a**) with purified protein. b, the reaction product of pinobanksin (**2a**) without purified protein. B, E: UV spectrum of reaction product **2b**. C, F: MS spectrum of reaction product **2b**. (DOC 118 kb) Additional file 6:**Figure S6.** The conversion from dihydroquercetin (**3a**) to quercetin (**3b**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of dihydroquercetin (**3a**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of dihydroquercetin (**3a**) with purified protein. b, the reaction product of dihydroquercetin (**3a**) without purified protein. B, E: UV spectrum of reaction product **3b**. C, F: MS spectrum of reaction product **3b**. (DOC 133 kb) Additional file 7:**Figure S7.** The conversion from taxifolin 3′-methyl ether (**4a**) to isorhamnetin (**4b**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of taxifolin 3′-methyl ether (**4a**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of taxifolin 3′-methyl ether (**4a**) with purified protein. b, the reaction product of taxifolin 3′-methyl ether (**4a**) without purified protein.B, E: UV spectrum of reaction product **4b**. C, F: MS spectrum of reaction product **4b**. (DOC 124 kb) Additional file 8:**Figure S8.** The compounds used in this study. (DOC 94 kb) Additional file 9:**Figure S9.** The conversion from (*S*)-pinocembrin (**2**) to pinobanksin (**2a**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of (*S*)-pinocembrin (**2**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of (*S*)-pinocembrin (**2**) with purified protein. b, the reaction product of (*S*)-pinocembrin (**2**) without purified protein. B, E: UV spectrum of reaction product **2a**. C, F: MS spectrum of reaction product **2a**. (DOC 142 kb) Additional file 10:**Figure S10.** The conversion from (*S*)-eriodictyol (**3**) to dihydroquercetin (**3a**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of (*S*)-eriodictyol (**3**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of (*S*)-eriodictyol (**3**) with purified protein. b, the reaction product of (*S*)-eriodictyol (**3**) without purified protein. B, E: UV spectrum of reaction product **3a**. C, F: MS spectrum of reaction product **3a**. (DOC 152 kb) Additional file 11:**Figure S11.** The conversion from (*S*)-homoeriodictyol (**4**) to taxifolin 3′-methyl ether (**4a**) catalyzed by OcFLS1 (A-C) or OcFLS2 (D-F). A, D: HPLC chromatogram of reaction product of (*S*)-homoeriodictyol (**4**) with OcFLS1 (A) or OcFLS2 (D). a, the reaction product of (*S*)-homoeriodictyol (**4**) with purified protein.b, the reaction product of (*S*)-homoeriodictyol (**4**) without purified protein. B, E: UV spectrum of reaction product **4a**. C, F: MS spectrum of reaction product **4a**. (DOC 149 kb) Additional file 12:**Table S1.** Primers used in this research. **Table S2** Plasmids and strains used in this investigation. **Table S3** HPLC conditions used in this study. (DOC 59 kb)
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